The estimation of urinary catecholamines has assumed clinical significance mainly because of its value in the diagnosis of phaeochromocytoma (Engel and Euler, 1950; Euler, 1951) . Since biological methods have obvious limitations for routine work, various chemical methods have been developed (Lund, 1950; Pekkarinen and Pitkanen, 1955; Euler and Floding, 1955a, b) . They are based on the same principle: catechol compounds are isolated by adsorption on aluminium oxide and adrenaline and noradrenaline are subsequently oxidized to fluorescent trihydroxyindoles.
In addition to adrenaline and noradrenaline a third catecholamine occurs in urine, namely 3-hydroxytyramine (Holtz, Credner, and Koepp, 1942; Euler and Hellner, 1951 ; Euler, Hamberg, and Hellner, 1951) . Few quantitative data about its rate of excretion are available at present (Euler et al., 1951; Hoobler, Agrest, and Warzynski, 1954; Abelin and Goldstein, 1955) ; they were obtained by means of chromatographic procedures which can, at best, be regarded as semi-quantitative.
In the method here proposed the three catecholamines are quantitatively estimated by a combination of the fluorimetric methods of WeilMalherbe and Bone (1952) and Euler and Floding (1955a) . The former estimates the sum of the three catecholamines; adrenaline and noradrenaline are estimated separately by the second method; hydroxytyramine is obtained by difference. Euler, Euler, and Floding (1955) have shown the occurrence of re'latively large amounts of 3:4-dihydroxyphenylacetic acid (catecholacetic acid) in urine. This substance and any other acidic catechol may be separated from catechol bases by ion exchange. After passage through an anion exchange resin the catechol bases are found in the filtrate. On a cation exchange resin they are themselves retained. We have chosen cation exchange as the more specific procedure in which neutral interfering substances whose presence in urine has been claimed, such as catechol (Fiker, 1953) or 3: 4-dihydroxybenzaldehyde (Kawamoto, 1954) , would also be eliminated. The resin treatment is preceded by the passage of the urine sample through a column of aluminium oxide, essentially as described for plasma (Weil-Malherbe and Bone, 1952) .
The higher purification resulting from the cation exchange procedure is of advantage even if it is desired to estimate only adrenaline and noradrenaline. Better results were obtained when the methods of Lund (1950) or of Euler and Floding (1955a) were applied to urine extracts purified in this way than when they were used in their original form, i.e., after alumina adsorption only. The advantages were that the blank was lower, indicating the removal of non-specific fluorescence, and that recoveries were better, indicating perhaps the removal of quenching impurities. Eluates from alumina columns usually contain a reddish pigment which forms a flocculent precipitate in alkaline solution. This material is eliminated in the resin treatment.
2 M-ethylenediamine dihydrochloride, purified according to Weil-Malherbe and Bone (1954a) .
Ethylenediamine, redistilled. isoButonal. NaOH: 1 N-and 5 N-solutions. H2SO4, 10 Nsolution.
Standard Solutions.-Stock solutions of amines (Ladrenaline bitartrate, Burroughs-Wellcome & Co.; L-noradrenaline bitartrate, Bayer; DL-hydroxytyramine hydrochloride, California Foundation for Biochemical Research), containing 100 ,ug. of free base per ml., were prepared in 0.01 N-HCl and kept at about 0' C. for up to six weeks. Dilute solutions containing 0.1 :xg./ml. were prepared in 0.01 N-HCI and kept at 0' C. for three to four days.
Other Chemicals.-L-3: 4-dihydroxyphenylalanine, Roche Products.
3:4-Dihydroxyphenylacetic acid prepared from 3:4-dimethoxyphenylacetic acid by refluxing with hydrobromic acid (Abbott and Smith, 1949) .
Water redistilled in glass was used throughout.
(1) Hydrolysis.-The acidified sample of urine (pH 1.0-1.5) is refluxed for 20 min. and cooled.
(2) Adsorption on Column of Aluminium Oxide.-After the addition of 5 ml. E.D.T.A.-solution and 1 ml. ascorbic acid solution to 50 ml. of hydrolysed urine the pH is adjusted to 8.4 with 1 N-NaOH (approx. 5 ml.). Rapid stirring and continuous pH control with the aid of a glass electrode are essential. Usually the mixture remains clear, but occasionally a slight precipitate forms at this stage. Whether a visible precipitate appears or not the solution is clarified by centrifuging for about 5 min. at 2,000 r.p.m. so as to remove suspended strands of mucine, etc., which might impede the flow through the column.
Thistle funnels of the kind described by WeilMalherbe and Bone (1952) (Bone, 1953) . Since the thistle funnels in use in this laboratory have bulbs with a capacity of about 40 ml. it has been our practice to divide the sample of urine between two columns and pool the eluate, but the total may be passed over one column if preferred.
The columns are prepared by placing 0.7 g. of dry aluminium oxide in the bulb of the thistle funnel held horizontally and washing it down into the stem with 5 ml. sodium acetate solution. The urine sample is added next. The column is washed through with 5 ml. acetate solution, followed by 5 ml. water. The urine filtrate and the washings are discarded. Elution is carried out by passing 5 ml. 0.2 N-acetic acid, followed by 5 ml. water, over the column.
(3) Adsorption on Column of " Zeokarb " 225.-The thistle funnels used for this stage are slightly larger (stem with 6 mm. bore) than those for the alumina columns. They are fitted below the constriction with plastic taps and tapered jets (Townson and Mercer Ltd.) which allow a fine regulation of flow. Before use the resin is carried through several cycles by alternately treating it with dilute NaOH and dilute HCI; it is washed well and stored in water. The required quantity is sucked as dry as possible on a sinteredglass funnel and weighed moist. Two grammes are rinsed into the stem of the funnel with water. Entrapped air is displaced by an upward flow of water.
The eluate from the alumina column is now added. Next the column is washed with 150 ml. 0.2 N-acetic acid and eluted with 50 ml. BaCl2-solution. The rate of flow should not exceed 0.67 ml./min. The procedure lasts four or five hours, but little supervision is needed. The eluate is treated with a slight excess of 10 N-H2SO4 (2 ml.) and the precipitate of barium sulphate centrifuged off. The supernatant is brought to pH 4.0 with 1 N-NaOH (about 20 ml.), precise adjustment being controlled with the glass electrode.
(4) Condensation with Ethylenediamine (Weil- Malherbe and Bone, 1952 ).-A 2 or 3 ml. sample of the eluate is made up to 10 ml. in a glass-stoppered test tube (20 x 1.5 cm.) and mixed with 0.5 ml.
ethylenediamine dihydrochloride solution and 0.7 ml.
ethylenediamine. In addition, three standards containing 0.2 Mg. of adrenaline, noradrenaline, or hydroxytyramine, respectively, and a reagent blank are similarly treated. The tubes are heated for 20 min. at 50'. The solutions are cooled, saturated with solid NaCl (ca. 3.5 g.) and extracted with 6 ml. isobutanol by mechanical shaking for 4 min. The solvent layer containing the fluorescent derivative is removed as completely as possible by aspiration with a rubber teat pipette.
(5) Oxidation with Ferricyanide (Euler and Floding, 1 955a).-Three eluate samples, each of the same volume as the sample used for the ethylenediamine reaction, are required: one for the estimation of adrenaline (oxidation at pH 3.5), one for the estimation of the sum of adrenaline and noradrenaline (oxidation at pH 6.0), and one for the extract blank in which the fluorescence has been allowed to fade. In addition standards of adrenaline and noradrenaline (0.2 MAg.) and a " faded-adrenaline blank " are set up; the latter contains 0.2 zlg. adrenaline and buffer of pH 6.0, but the addition of ascorbic acid is omitted. Buffer, zinc sulphate, and ferricyanide solutions, in that order, are added according to the schedule shown in Table I . The solutions are left for three min. before being mixed with alkaline ascorbate or NaOH. Volumes are made up to 10 ml.
(6) Fluorimetry. -The apparatus previously described (Weil-Malherbe and Bone, 1953) The appropriate reagent blanks are used to adjust the galvanometer needle to zero by operating the variable control of the backing-off circuit. Under our conditions the ethylenediamine reagent blank, read against pure isobutanol, gives a deflection corresponding to that of a 0.01-0.02 ,Ag. adrenaline standard. If read against the dark current the deflection corresponds to 0.06 i'g. adrenaline. The " faded adrenaline blank," and also pure water, read against the dark current, give a deflection corresponding to 0.025 Mg.
adrenaline. The " backing-off" of these blank readings does not impair the linearity, accuracy, and reproducibility of the adrenaline measurements down to amounts of about 0.003 ,ug. The small proportion of noradrenaline oxidized at pH 3.5 (4% according to Euler and Floding, 1955a (Pekkarinen and Pitkanen, 1955; Euler and Orwen, 1955) to abandon column adsorption in favour of batch adsorption, necessitating repeated washings and the handling of relatively large volumes of eluate. With the modifications described there is no longer any need to forgo the simplicity and elegance of the column procedure.
(4) Cation Exchange Chromatography.-Bergstrom and Hansson (1951) used " amberlite " IRC-50, a carboxylic resin, to adsorb adrenaline from solutions buffered at pH 6.5. This method was found satisfactory for pure solutions of adrenaline, but results with urine were erratic owing to variable retention of adrenaline. More strongly acidic resins were therefore investigated and sulphonated polystyrene resins, such as " dowex " 50 or "zeokarb " 225, proved satisfactory, provided they had a low degree of cross-linking (4-5%). Barium chloride solution was chosen as eluant because of the greater eluting effect of the bivalent cation; to obtain a similar effect with either NaCl or HCI, 2-M-solutions had to be used. Moreover, by precipitation of barium sulphate and by removal of chloride ions with anion exchange resin solutions may be obtained which are low in salt concentration and therefore suitable for paper chromatography.
The addition of 1% benzyl alcohol, recommended by Moore and Stein (1951) for the elution of aromatic amino-acids, did not accelerate the elution of catecholamines.
The separation of catechol acetic acid from catechol bases by the resin column was followed by analysing urinary extracts with both the ethylenediamine condensation and the ferricyanide oxidation methods until the ratio of the figures became constant, and further by studying catechol acetic acid in pure solution and in mixture with catecholamines. It was found that 70-80% of the acid was contained in the filtrate and the first 10 ml. of washings.
The remainder seemed to be firmly adsorbed on the resin, presumably by a non-ionic mechanism. It could not be removed by large volumes of water. Of various solutions tested none was better than 0.2 N-acetic acid for eluting acidic catechols without causing losses of basic catechols.
When a urine extract, purified by passage over a column of alumina, is run through a column of anion exchange resin (" dowex " 2, Cl'-form), catecholamines are found in the effluent, but, although catechol acetic acid is retained, the filtrate gives a 50-100% higher fluorescence after ethylenediamine condensation than an eluate from the cation exchange resin. It is concluded that urine contains not only acidic but also neutral catechol compounds.
If any amino acids were present in the eluate from the alumina column they would be retained on the " zeokarb " column and would appear in the eluate. The only amino acid which has to be considered here is 3: 4-dihydroxyphenylalanine (DOPA). Evidence for its absence will be presented later.
(5) Condensation with Ethylenediamine.--The conditions originally chosen were those which were found optimal for adrenaline (cf. Bone, 1953) . With the extension of the method to other catecholamines it became desirable to repeat these experiments with noradrenaline and hydroxytyramine, particularly in view of a report of Erne and Canback (1955) , who recommend, for noradrenaline, heating at 1000 C. for 5 min. in the presence of ammonium molybdate solution as a catalyst. The development of fluorescence at 500 C. and 1000 C., in the presence and absence of the molybdate catalyst, is shown in Fig. 1 indole. It may be recalled in this connexion that the condensation product of ethylenediamine with DOPA is only slightly soluble in isobutanol, about 95 % of the fluorescence remaining in the aqueous phase (Weil-Malherbe and Bone, 1952) . It is possible, therefore, by a combination of the two fluorimetric methods, to differentiate between DOPA, hydroxytyramine, adrenaline, and noradrenaline. In the method of Euler and Floding (1955a) the oxidation at pH 6 is terminated after 2 min. and the addition of the zinc sulphate catalyst is omitted. In our hands the results were better when the conditions were the same as for the oxidation at pH 3.5, i.e., oxidation for 3 min. in the presence of zinc sulphate. This is the only modification which we have introduced.
(7) Fluorimetry and Calculation.-Paperchromatographic examination of purified extracts of urine sometimes revealed components with blue fluorescence after spraying with ethylenediamine, but none with green or yellow fluorescence except in the positions occupied by catecholamines. The fluorimetric readings were therefore taken with the yellow filter.
A formula was developed for the estimation of the three catecholamines from differential fluorimetry of the ethylenediamine condensation products with green and yellow filters and from the fluorimetric estimation of the sum of adrenaline and noradrenaline as given by ferricyanide oxidation at pH 6. Since the calculations were rather involved and the method offered no particular advantage, it was abandoned. Quantitative Paper Chromatography.-Urine extracts were concentrated and dissolved in acetone as described above. The acetone extract was divided into two parts: one was applied to a paper strip destined for analysis after irrigation; to the other were added 10-30 jug. of adrenaline, noradrenaline, and hydroxytyramine, and the mixture was applied to a second paper strip which was sprayed with ethylenediamine after irrigation. The fluorescent zones were marked with pencil and transverse lines were drawn so as to effect optimal separation. The paper strip for analysis was cut across along superimposed lines. These sections and others cut from adjoining areas were extracted with 10 ml. 0.01 N-HCI overnight and the extracts were finally analysed by the two fluorimetric methods. Results are shown in Table II . The zones overlap considerably, yet there is an obvious tendency for the bulk of each amine to accumulate in the expected position. Recoveries varied between 45 and 75%, though the recovery of adrenaline in experiment 2 was lower. In model experiments with pure solutions recoveries were about 50 to 60%. On the whole, it seems justified to conclude that the paper chromatographic experiments support the specificity of the fluorimetric method described.
DOPA.-If DOPA occurred in urine it would accompany the catecholamines in the resin eluate. Particular attention was paid to this possibility in view of the observation of Medes (1932) , which, however, has remained unique so far. On a chromatogram run with butanol solvent DOPA is situated behind noradrenaline (RF of DOPA 0.23-0.25), while with the phenol solvent DOPA and noradrenaline migrate at the same rate. In the eluate from a paper chromatogram DOPA would give the following reactions: a positive ninhydrin reaction; fluorescence in the reaction of Euler and Floding (1955a) On the guide strip which contained 5 jug. DOPA a zone between RF 0.24 and 0.27 gave both ethylenediamine and ninhydrin reactions.
Bioassays.-Bioassays were carried out on concentrated purified extracts of urine with the methods described by Gaddum (1950) , in which the inhibition of carbachol-induced contractions is measured in the isolated rat's uterus and ascending colon. While the uterus preparation is much more sensitive to adrenaline than to noradrenaline, the colon preparation responds about equally to both amines. The response of both preparations to hydroxytyramine may be neglected (cf. Gaddum, Peart, and Vogt, 1949) .
In Fig. 3 The Concentration of Catecholamines in Urine Table IV shows three groups of results. Th-e first group consists of urine specimens collected from males, usually in the morning. These results are expressed in jtg. /litre. The second group contains samples from patients with hypertension where the possibility of phaeochromocytoma had been envisaged. Since these samples were taken from the pooled 24-hour urine, they are not strictly comparable with the samples of the first group. If, in spite of this, the concentrations (in jig. /1.) are compared in the two groups, it is found that the concentrations of adrenaline and hydroxytyramine are significantly higher in the hypertensive group (P<0.01) and that the increase of noradrenaline concentration is probably significant (P=0.035). Since the excretion rate of catecholamines is highest during the morning hours (Euler, Hellner-Bjorkman, and Orwen, 1955) , the difference might have been accentuated if the 24-hour samples had been compared, although, of course, urine flow is also accelerated during the morning hours.
The excretion rate of adrenaline and noradrenaline found in the first group agrees well with the figures published by Euler and Hellner (1951) , though in more recent work Euler and his co-workers (Euler, Franksson, and Hellstrom, 1954; Euler et al., 1955) give higher figures for noradrenaline excretion and lower figures for adrenaline excretion.
There is a much greater variation in hydroxytyramine concentration from sample to sample than in that of adrenaline or noradrenaline. The coefficient of variation (100 S.D./mean), which is about 40 for adrenaline and noradrenaline in the two groups, is about 70 for hydroxytyramine.
Finally a patient was investigated from whom a phaeochromocytoma was subsequently removed. Here the excretion of all three catecholamines was increased, and it is interesting to note that by far the highest increase was found in hydroxytyramine excretion. The examination was repeated after the patient had been on a protein-free diet for two days. This did not affect the excretion of adrenaline and noradrenaline, but it reduced the excretion of hydroxytyramine by more than half. This result, in conjunction with the Bone, 1954b; Weil-Malherbe, 1955 ). This has recently been confirmed in an extensive new series of experiments in which the ethylenediamine method has been compared with the method of Euler and Floding (1955a). It has also been shown that, when alumina eluates from plasma were further purified by passage through " zeokarb," the results were practically identical with those obtained before the resin treatment. It is concluded that, unlike urine, plasma does not contain neutral catechols, acidic catechols, or hydroxytyramine in measurable quantities; nor was there any evidence for the occurrence of DOPA. The method of Weil-Malherbe and Bone (1952, 1953) is therefore valid for plasma. A full account of these results will be presented elsewhere. Summary A chemical method is described for the estimation of adrenaline, noradrenaline, and hydroxytyramine in urine consisting of the following steps:
(a) The catechol fraction is isolated by adsorption on alumina.
(b) The basic catechol fraction is isolated by adsorption on cation exchange resin.
(c) The sum of the three catecholamines is estimated fluorimetrically by the method of WeilMalherbe and Bone (1952) . Adrenaline and noradrenaline are estimated separately by the fluorimetric method of Euler and Floding (1955a) .
Hydroxytyramine is obtained by difference.
The specificity of the procedure was investigated by paper chromatography and bioassay. Paper chromatography showed the presence of the three catecholamines in urinary extracts and the absence of substances capable of producing interfering fluorescence.
No evidence was found for the presence of 3: 4-dihydroxyphenylalanine in urine.
Bioassays with the rat s ascending colon correlated reasonably well with the chemical assays. Those with the rat's uterus were less satisfactory, presumably owing to interference.
Mean recoveries of added catecholamines were 83, 88, and 91 % for adrenaline, noradrenaline, and hydroxytyramine respectively.
The method has been applied to a group of normal subjects, a group of hypertensive cases, and a patient with phaeochromocytoma. Hydroxytyramine excretion was more variable from sample to sample than that of adrenaline and noradrenaline in both the normal and hypertensive groups. The excretion of hydroxytyramine in a case of phaeochromocytoma showed a greater relative increase than that of adrenaline or noradrenaline.
Addendum With a new batch of " zeokarb " 225 hydroxytyramine was not always quantitatively eluted under the conditions described. It was found that the size of the column could be safely reduced if a finer grade resin was used. With 100-200 mesh " zeokarb " 225, columns containing 0.5 g. damp resin gave good results; they were washed with 50 ml. 0.2 N acetic acid and eluted with 25 ml. 0.2 N BaCI.
Columns containing 0.5 g. of 100-200 mesh " amberlite" IRC-50 (damp), buffered at pH 6.5, may be used instead of " zeokarb " columns. Eluates from alumina are mixed with 0.1 vol. 1 % E.D.T.A. (disodium salt) to prevent precipitation of traces of aluminium hydroxide and adjusted to pH 6.5. The columns are washed with 60 ml. water and eluted with 10 ml. N-HCl. Recoveries were between 90 and 100% for all three catecholamines.
